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Redox stress hypothesis of aging
a b s t r a c t
The main objective of this review is to provide an appraisal of the current status of the relationship between
energy intake and the life span of animals. The concept that a reduction in food intake, or caloric restriction
(CR), retards the aging process, delays the age-associated decline in physiological ﬁtness, and extends the life
span of organisms of diverse phylogenetic groups is one of the leading paradigms in gerontology. However,
emerging evidence disputes some of the primary tenets of this conception. One disparity is that the CR-related
increase in longevity is not universal and may not even be shared among different strains of the same species.
A further misgiving is that the control animals, fed ad libitum (AL), become overweight and prone to early
onset of diseases and death, and thus may not be the ideal control animals for studies concerned with
comparisons of longevity. Reexamination of body weight and longevity data from a study involving over
60,000 mice and rats, conducted by a National Institute on Aging-sponsored project, suggests that CR-related
increase in life span of speciﬁc genotypes is directly related to the gain in body weight under the AL feeding
regimen. Additionally, CR in mammals and “dietary restriction” in organisms such as Drosophila are dissimilar
phenomena, albeit they are often presented to be the very same. The latter involves a reduction in yeast rather
than caloric intake, which is inconsistent with the notion of a common, conserved mechanism of CR action in
different species. Although speciﬁc mechanisms by which CR affects longevity are not well understood,
existing evidence supports the view that CR increases the life span of those particular genotypes that develop
energy imbalance owing to AL feeding. In such groups, CR lowers body temperature, rate of metabolism, and
oxidant production and retards the age-related pro-oxidizing shift in the redox state.
& 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Introduction
The notion that caloric restriction (CR)1, or the curtailment of
energy (food) intake without causing undernutrition, slows the
rate of aging, prolongs the duration of youthfulness, postpones the
onset of age-associated pathologies, and extends the life span of
animals of diverse phylogenies has been a leading concept in
gerontology for several decades [1–5]. It is often contended that
because of the ubiquity of the association between CR and increase
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in life span, the mode of CR action may be an evolutionarily
conserved “public” mechanism that modulates the intrinsic rate of
aging [5–7]. The conviction that CR has an “antiaging” effect, or
that it is an antidote to the aging process, has indeed gained wide
popularity. Nevertheless, there also exists a body of data that is
inconsistent with some of the generalizations of the classic CR
postulate, especially its universality in the prolongation of life
span. It is also currently uncertain how the optimal level of food
intake should be established for different genotypes. Additionally,
there are qualms about the soundness of ad libitum (AL) feeding of
the control animals, because AL feeding frequently results in
overconsumption of energy and consequently an excessive gain
of weight. Thus the main objective of this review is to scrutinize
the cogency of the CR concept in the context of the discordant
ﬁndings and to discuss whether a revised interpretation of this
phenomenon is indeed warranted.
The idea that the amount of food intake and the resulting rate
of growth may affect the potential longevity of animals seems to
have emerged in the early 20th century, around when Osborne
and co-workers [8] reported that among a cohort of female rats,
the individuals displaying retarded growth and delayed sexual
maturity lived longer than those that grew relatively rapidly. The
notion implicit in this observation was later tested experimentally
by McCay et al. [9,10], using a “stair-step” method of feeding, in
which the amount of food provided to the rats was adjusted to
hold their body weight at a nearly steady level and, upon signs of
physical distress, enough additional food was provided to obtain a
growth rate of 10 g body weight/2–3 months. The life span of male
but not female rats kept under the restricted feeding regime was
longer than those fed AL, which was interpreted to suggest that
the “retardation of growth by diets, complete except for calories,
affords a means of producing very old animals for studying aging”
[9]. The authors also made two additional observations/comments
that seem pertinent to the present discourse, namely—(i) “it is
recognized that the group ingesting food ad-libitum, may be
subject to injury by the excess above the requirements of the
body” [9] and (ii) in the aftermath of a failure of the laboratory
heating system, “animals that were well fed could withstand the
drastic drop in temperature of the room while the retarded ones
that were being kept at maintenance level had little reserve and
part of them perished” [10]. Thus, the potential deleteriousness of
excessive energy intake by the AL-fed control animals and the
frailty of the CR animals were both recognized at the advent of the
explorations into the effects of CR on life span.
A later study by Ross [11] showed that rats fed a high-protein/
high-carbohydrate AL diet had lower mortality rates at younger
ages than those fed a nutrient-poor, low-protein/low-carbohydrate
AL diet; however, in the latter part of life, mortality rates were
lower in animals fed nutrient-poor than in those given nutrient-
rich diets, implying that relatively high energy intake is more
optimal for development and reproduction, but less so in protec-
tion against age-related disease and shortened longevity. In the
same report, Ross discussed another issue of lasting signiﬁcance
and controversy, namely, whether CR increases the maximum life
span beyond the biologically established species-speciﬁc limit.
He reasoned that, whereas the potential life span of AL and CR
animals is essentially identical at the time when the animals are
placed under either of these two feeding regimens, subsequently
the CR population attains relatively longer life span because their
nutrition is optimal, whereas the potential longevity of the AL-fed
animals is cut short owing to the deleteriousness of overfeeding.
Ross was particularly skeptical of the frequently used phrase
“extension of life span” to express CR-related increase in longevity,
which he suggested is often interpreted to mean an increase in
longevity beyond the maximal biological limit or the demographic
norm, when in reality longevity of CR animals has not speciﬁcally
been shown to exceed the biological maximum of the species. To
summarize, by the mid-20th century it was well recognized that
AL feeding may lead to overeating and shortened life expectancy
and that there exists a certain level of antagonism between the
amount of energy intake needed for maximal growth and ﬁtness
and the amount that promotes longer survival [12].
A key feature of the classic CR paradigm, which has also
heightened its attractiveness, is the belief that longevity prolonga-
tion by CR is universal among animals. Indeed, the assumption of
universality is considered central to the validity of the classic CR
paradigm, because the applicability/relevance of CR to human
longevity is critically dependent upon the argument that the
life-lengthening effects of CR are evolutionarily conserved and
any deviation from this principle would breach that rationale [13].
Swindell [14] has discussed several examples in the literature in
which the effects of CR on longevity do not uphold the assertion of
universality. Particularly, studies by Liao et al. [15] on several
different strains of mice have demonstrated that under 40% CR,
longevity of individual strains is either decreased or increased or
remains unaffected, thereby suggesting that the nature of the CR
effect on life span is genotype-speciﬁc.
Another misgiving about the classic CR model is that the
“control” animals are usually fed AL, which frequently leads to
overeating and excessive gain of body weight (Fig. 1). For instance,
after the implementation of CR during adulthood (usually at 3–4
months of age), the body weights of the CR mice/rats remain
relatively stable throughout life except toward the terminal phase,
during which there is a modest decline; in contrast, the peak body
weights of AL-fed animals often more than double compared to
those at 3–4 months of age [16–19]. A key point to note here is
that the amount of energy intake by the AL-fed animals often
signiﬁcantly exceeds the amount expended, resulting in a sub-
stantial gain in body weight, or positive energy balance, which is
often associated with an early onset of disease conditions [2,20].
Although in some studies the amount of food fed to the controls is
reduced by 10% from the AL level, energy imbalance still persists
[2,21,22]. Consequently, it remains doubtful whether the AL-fed
overweight rats or mice are meaningful controls, especially in
studies dealing with longevity [23].
Fig. 1. Comparison of body weights between ad libitum-fed (AL) and calorically
restricted (CR) male C57BL/6 mice from 3 to 23 months of age. The AL mice were
maintained on the NIH-31 diet and the CR mice were fed an NIH-31 special diet
that compensated for the nutrients. CR (40%) was initiated at 4 months of age
and the body weights were recorded at 3-week intervals. The average body weight
of CR mice remained relatively stable, whereas it increased by 100% at its peak in
the AL-fed mice (adapted from [151]).
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In this context, the main objective of this review is to examine the
tenability of the classic CR paradigm in the context of the evidence
that is apparently discordant with some of its main tenets. Addition-
ally, we discuss the nature of the possible mechanisms that may
underlie the CR-related effect on life span. Readers seeking diverse
perspectives about the nature of the association between CR and
longevity are directed to [1–3,6,14,24–30].
Variations in the effect of caloric restriction in different
genotypes
Although the reports conﬁrming the positive effects of CR on
longevity far exceed those that do not, this lop-sided imbalance
could be due to a disinclination to document discordant data.
Notwithstanding, the literature points to a wide spectrum of CR
effects on longevity—ranging from strongly positive to the negative
[14,15,31–37]. For instance, a meta-analysis of a grand total of 246
studies on mice and rats, spanning from 1934 to 2012, showed that
in half of all experiments on rats, CR-related increase in life span
(pooled male and female data) ranged between 13.8 and 45.4%,
with one-quarter showing o13.8% and one-quarter 445.4%
increase [14]. In mice, the corresponding increases were one-half,
4.1–27.0%; one-quarter, o4.1%; and one-quarter 427.0%; however,
the average longevity extension by CR per genotype was only 2–3%
when the recent study of recombinant inbred strains by Liao et al.
[15] was included. In mice, CR-related increase in life span was
greater in the non-inbred than in the inbred strains. More rele-
vantly, in some genotypes of mice and to a lesser extent of rats, CR
elicited a negative or a weak response ([14] and references therein).
In their seminal paper, McCay et al. [9] had also noted variability in
CR responsiveness, as CR-related increase in life span was observed
only in restricted male and not female rats. The DBA/2 mice [32,38–
40], strains of ILSXISS recombinant inbred mice [15], rhesus
monkeys [41], and offspring of wild-caught mice reared in the
laboratory [33] have all been reported to be resistant to the
longevity extension effect of CR. For instance, a comparison among
41 ILSXISS recombinant inbred strains revealed that a majority of
the strains displayed no prolongation of life span under 40% CR.
Longevity of male and female mice was extended, respectively, in
only 5 and 21% of the strains, whereas it was shortened by CR in
27% of the strains for males and 26% for the females [15]. Notably,
the longest life spans under CR did not signiﬁcantly surpass the
longest under the AL regime, and the average of the mean life spans
of the ﬁve longest lived strains under CR did not exceed that of the
corresponding strains fed AL. Thus, in addition to the demonstra-
tion that longevity extension by CR is not universal across geno-
types, these results also challenge the view that CR, when effective,
extends maximum life beyond the norm. Another meta-analysis of
145 studies involving 36 species also indicated a signiﬁcant hetero-
geneity in the effect of CR on longevity [37]. One potentially
signiﬁcant inference was that the longevity-extending effect of CR
is “only evident when animals have been housed in laboratory
conditions for a number of generations.” A similar conclusion was
reached previously by Harper et al. [33], who investigated whether
40% CR elicited similar types of effect on the longevity of the grand-
offspring of the wild-caught mice and that of laboratory-adapted
mice. Caloric restriction was found to have little effect on the
average life span of the wild-derived mice.
A fundamental dichotomy seems to exist between rodents and
insects in the nature of the response to CR. In general, a decrease
in the amount of caloric intake may shorten rather than prolong
the life span in ﬂies [31,36,42]; however, a positive effect on
survival may be obtained by decreasing the yeast (protein):
carbohydrate ratio of the diet [36,43]. In initial studies, nutrient
restriction in Drosophila used to be imposed by the dilution of the
food mixture [7,44], which tended to increase life span in
comparison to those fed the more concentrated medium [45–
49]. However, the validity of the dilution-based regimen was
challenged by Benzer's group [44], who showed that the increase
in life span ascribed to food dilution was abolished if the ﬂies fed
the relatively concentrated mediumwere offered ad libitum access
to water, which suggested that longevity extension by food
dilution in insects was due to a hydration rather than a caloric
restriction effect (also see a conﬁrmation of this phenomenon by
Dick et al. [50] and a rebuttal by Piper et al. [51]). To compensate
for the dilution, ﬂies also tend to gulp relatively larger volumes of
food. Furthermore, low yeast:carbohydrate ratio rather than the
amount of food intake was identiﬁed to be the critical factor in the
modulation of longevity in Drosophila [44] and other species of
fruit ﬂies [52,53].
Accordingly, in more recent studies, variations in yeast:sucrose
ratios have been employed to affect “dietary restriction” (DR) in
fruit ﬂies. Dipteran ﬂies primarily use carbohydrates as the
preferred fuel to generate energy; e.g., the respiratory quotient
of Drosophila melanogaster during ﬂight is 1.0, suggesting that
carbohydrates constitute the only source of energy during ﬂight
[54,55]. Whereas dietary protein is essential in females for egg
production, the male ﬂies require relatively little or no protein
during adulthood [52,56]. However, ingestion of proteins above a
certain threshold level, especially by males, has a detrimental/
toxic effect on longevity and ﬁtness, suggesting that ﬂies have poor
tolerance for overconsumption of proteins [57]. In females, diets
with relatively high yeast:carbohydrate ratios tend to increase egg
production, whereas those with high carbohydrate:yeast ratios
result in longer life span [52,58]. Analyses of mortality indicate
that increase in longevity of yeast-restricted ﬂies is associated with
a decrease in age-independent mortality, reﬂected by a lower y
intercept in the Gompertz plot, whereas the slope of the plot,
considered to be reﬂective of the rate of aging, is not affected
[46,59]. Interestingly, it has been reported recently that the long-
evity of AL-fed mice also is prolonged by a diet that is low in
protein and high in carbohydrate content [42,60,61]. Dilution of
the food with indigestible cellulose, which affected a 30% decrease
in caloric intake, had no salutary effect on life span. The authors’
main contention was that longevity extension of AL-fed animals is
achieved by alterations in the ratios of the macronutrients rather
than the amount of calories.
Unlike in Drosophila and related fruit ﬂies, under caged condi-
tions, food and water for caged adult houseﬂies are provided in
separate containers and thus the amount of food consumed can be
measured directly by weight [31]. To identify macronutrients that
promoted the longest survival, male houseﬂies were fed seven
different diets, namely (i) sucrose alone; (ii) glucose alone; (iii)
fructose alone; (iv) trehalose alone; (v) a mixture of sucrose,
powdered skim milk, and powdered whole egg in a 6:6:1 ratio,
normally used for the breeder cages; (vi) a mixture of sucrose,
powered skim milk, powdered whole egg, and powdered whey
protein in a 6:6:1:6 ratio; and (vii) a mixture of 80% sucrose, 17%
powdered skim milk, and 3% powdered whole egg—proportions of
the ingredients in this diet were based on the amounts consumed
by the ﬂies when each ingredient was offered simultaneously in a
separate dish. Results showed that a 100% sucrose diet promoted
the longest life span, and the presence of any protein in the diet
consistently decreased longevity. Furthermore, the foods preferred
by the ﬂies (diet vii) were not necessarily those that maximized
their longevity. Reduction in sucrose consumption by as little as
10% from the AL-fed level decreased the life span of male house-
ﬂies [31,35].
To summarize, studies in the male houseﬂy clearly demon-
strated that the longest life span was achieved by the
carbohydrate-only diet, fed AL. Decrease in energy intake below
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the AL level or inclusion of protein in the diet reduced longevity. In
fruit ﬂies, excessive protein intake, as well as caloric restriction,
also decreases longevity [36,43]. Although the longer survival,
resulting from a reduction in the amount of yeast ingestion, has
been proffered to constitute a phenomenon akin to CR, a short-
coming of this contention is that the deleterious effects of
excessive yeast intake persist even in isocaloric diets. Thus, DR in
ﬂies fundamentally differs from CR in mammals as it involves
reduction in yeast (presumably protein) and not energy intake.
Therefore, the term DR in reference to yeast restriction is quite
misleading, as the designations DR and CR have historically been
used interchangeably to refer to a reduction in energy intake.
Accordingly, we suggest that restrictions of yeast, methionine, or
any other nutrient should be termed speciﬁcally and not grouped
with a phenomenon that is fundamentally apart.
Characteristics of CR-responsive versus CR-unresponsive
genotypes
Perhaps because the longevity effect of CR was until recently
considered to be a universal phenomenon, little effort was
invested in the elucidation of the differences between genotypes
whose life spans are increased by CR and those for which CR has a
negative effect or no effect. Arguably, such comparisons should
facilitate the identiﬁcation of genetic/environmental factors that
determine the nature of the effect of CR on life span. One such
factor may be that the AL-catered phenotype is a product of
adaptations to the laboratory setting which abet excessive food
consumption and limit physical activity. Biological effects of such a
lifestyle include an increase in body mass, a decrease in the age of
fertility, and a more proliﬁc litter size [62,63]. For instance, under
the AL regimen, body mass of the CR-responsive mice and rats
often doubles during adulthood [16–18] (see also Figs. 1–3).
A comparison between the progeny of recently caught wild mice
and a laboratory strain showed that during the ﬁrst 4 months of
life, the latter gained 70% more body mass than the former [64].
Another comparison indicated that, under similar conditions,
Sprague–Dawley and Long-Evans rats became 40–60% heavier,
reached the ﬁrst estrus and the ﬁrst conception earlier, and had
larger litter sizes than the captive-reared wild Norway rats [63].
According to Martin et al. [65], failure to recognize that “control
rats and mice used in biomedical research are sedentary, obese,
glucose intolerant and on a trajectory to premature death, may
confound data interpretation and outcomes of human studies.”
Overeating and the resultant energy imbalance are known to
enhance oxidative stress, inﬂammation, diabetes, kidney disease,
and cancer, among others, leading to an abridgement of potential
life span [2,6,22,65,66]. It may thus be questionable whether the
AL-fed, overweight animals are the most suitable controls for
studies exploring the relationship between energy intake and
longevity. The fact that 20–40% reduction in food intake from
the AL levels delays the onset of morbidity [2] would also seem to
argue that the animals fed an the AL regimen fall short of the
standard of a healthy control animal.
It has long been known that unlike most other laboratory
strains of mice, the DBA/2 either have a relatively low tolerance for
CR or are unresponsive to it [38–40]. More recently, Forster et al.
[32] observed that gradual imposition of 40% CR, starting at 14
weeks of age, increased the average life span of C57BL/6 and
B6D2F1 mice by 25% or more, but had no effect on the DBA/2. This
result was in contrast to that reported earlier by Bronson and
Lipman [67], who found an 18% increase in median life span of
male DBA/2 mice maintained under 40% CR. However, the data
used in their report and supplied to them by the custodian of the
mice, the National Center for Toxicological Research (NCTR), were
from a study yet to be completed. Upon completion, the CR-
associated increase in median longevity (Fig. 2) was found to be
only 5% [16]. In addition to the atypical response to CR, the DBA/2
mice also exhibit a number of divergent behavioral, neural,
immunological, and metabolic phenotypes [68–72].
Nevertheless, comparisons between the CR-responsive, C57BL/
6 mice and the CR-unresponsive, DBA/2 mice have pointed to the
role of energy imbalance in determining the nature of the effect of
CR on longevity [32,73–75]. A major difference between the
C57BL/6 and the DBA/2 mice was that during 4 to 23 months of
age, the AL-fed C57BL/6 mice maintained a mean body weight that
was 20% greater than their weight at 4.5 months of age, whereas
the comparable gain in body weight was insigniﬁcant in the DBA/2
mice. The DBA/2 mice also had a higher rate of energy expenditure
than the C57BL/6 mice, as indicated by resting and in vitro rates of
oxygen consumption and the core body temperature [32,73–75].
Thus, although the amount of energy (food) consumption was
similar in the two strains, the C57BL/6 mice, whose longevity is
extended by CR, had a relatively lower metabolic rate and gained
more weight with age, whereas the DBA/2 mice had a higher
metabolic rate and did not exhibit a signiﬁcant gain in the mean
body mass during adult life, and their longevity was not extended
by CR. These associations support the hypothesis that CR-induced
increase in life span occurs in those genotypes that display weight
gain or positive energy balance when fed AL. Rikke et al. [76] have
also noted that fuel efﬁciency, determined as the ability to
maintain growth and body weight, was correlated with longevity
of their inbred mice, a ﬁnding that is compatible with our analysis.
To test the predictions of this hypothesis, we reexamined the
data on the body weights and life spans from a study of over
60,000 mice and rats belonging to seven commonly studied
genotypes, including inbred and F1 hybrid mice, such as C57BL/6
(B6), DBA/2, B6D2F1, and B6C3F1 (B6  C3H FI), and rats such as
Brown Norway (BN), Fischer 344 (F344), and F344  BN F1 [16].
These data were gathered during a 10-year study, jointly spon-
sored by the National Institute on Aging (NIA), Biomarkers of
Aging Program (BAP), and the NCTR. The main objective of the
project was to identify “biomarkers/indicators of biological age” to
evaluate the efﬁcacy of antiaging interventions [77–80]. The broad
conclusion drawn was that “the utility of CR in extending the life
span ubiquitously lends further weight to the use of CR as a ‘gold
standard’ for evaluating and stimulating new intervention strate-
gies in aging” [16]. One feature of the NIA/NCTR/BAP dataset was
that weight gain during adulthood markedly varied among strains
of mice and rats. Further analysis indicated that CR-related
increases in longevity of various strains were directly related to
the level of body weight gained under the AL regimen (Fig. 2).
For instance, the genotypes exhibiting relatively low cumulative
weight gain under the AL regimen showed a correspondingly
small CR-related increase in life span, whereas those with larger
weight gains showed much greater CR-related beneﬁt (Fig. 2).
Although these observations might be interpreted to suggest that
CR has a relatively greater effect on longevity in the relatively
long-lived genotypes such as the F1 hybrid mice and rats, addi-
tional ﬁndings of the project indicated that, rather, the weight gain
is the critical variable. When C57BL/6 mice were fed the high fat/
high protein Emory-Morse 911 (EM) breeding diet, instead of the
standard NIH-31 diet, they gained considerably more body weight
with age under the AL condition (Fig. 3) and also exhibited the
largest CR-related increase in longevity among all of the rodent
genotypes used in the NIA/NCTR/BAP program [16]. Such a potent
effect of the EM diet within the same genotype provides compel-
ling support for the hypothesis that weight gain under the AL
feeding regime is a critical predictor of longevity extension by CR.
The association between energy imbalance and the effect of CR on
longevity, summarized in Fig. 4, is also compatible with ﬁndings in
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rhesus monkeys, reported from the Wisconsin National Primate
Center (WNPC) [81] and the National Institutes of Health (NIH)
[41]. Caloric restriction was reported to decrease mortality from age-
related [81] as well as aggregate causes at the WNPC [13], whereas
no signiﬁcant differences in the life spans of control and CR groups
were observed at the NIH site. However, a crucial variation in the
experimental design at the two sites was that the control monkeys at
the NIH were fed a diet that did not permit excessive weight gain,
whereas the AL-fed controls in the WNPC study ate more liberally.
Consequently, the body weights of the age-matched control groups
at WNPC were greater than those in the NIH study, suggesting that a
comparatively higher degree of energy imbalance is associated with
longevity extension under CR. Comparisons of the body weights of
the control groups at these two sites with those available from a
national database indicated that control monkeys at WNPC were
approximately 7–10% heavier than the national average, whereas
controls in the NIH study were 9–17% below the average [13].
Authors at both sites seem to agree that the relatively higher body
weight of the AL-fed monkeys at WNPC could account for the
apparent disparity [13,41]. In our view, there may be no conceptual
inconsistency in the ﬁndings of the two groups. Both conﬁrm
that the increase in life span assigned to CR is dependent upon
energy imbalance (gain in body weight) in the AL animals, as
hypothesized here.
Fig. 2. Relationship between body weight and longevity in various strains of mice and rats maintained under AL or 40% CR regimens (original data from NCTR/NIA BP
program; digitized from ﬁgures in [16]). The cumulative weight gain under the AL regimen, represented by area under the curve (AUC; hatched areas) is the average amount
by which the AL animals were overweight between 3 months of age until the peak body weight was reached. The rationale for quantifying weight gain in this manner is
based on the hypothesis that the deleterious effect of energy imbalance should be proportional to both the amount of weight gained and the period of time during which the
overweight condition was maintained. The median life spans of the AL and CR groups are indicated by the solid and dotted vertical lines along the abscissa in each graph. The
gray area between the two lines indicates the increase in life span attributable to CR. These data demonstrate that different strains of mice and rats vary signiﬁcantly in the
AUC of weight gained under the AL feeding regimen and the increases in life span under CR.
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Although the hypothesis that CR increases longevity by pre-
venting excessive body mass and adiposity has received some
attention [82–85], it has historically been downplayed in the
rodent biogerontology literature [19,86–88], partly based on the
results of a study by Harrison et al. [87], in which they compared
the effects of CR on longevity in genetically obese (ob/ob) and
normal C57BL/6 mice. The obese mice were fed AL or placed on a
CR regimen that maintained their weight at a level equivalent to
that of the nonobese mice. An additional group of normal mice
was fed approximately 33% less food than their AL-fed counter-
parts. Compared to the AL-fed normal mice, the food-restricted ob/
ob mice had a higher percentage of body fat, yet the life span of
the two groups was nearly equal. This outcome was widely
interpreted to mean that a reduction in body weight/adiposity
should be ruled out as a mechanism for the CR-related increase in
longevity. However, this explanation ignores a rather crucial
observation in the study, namely that the cumulative weight gain
in ob/ob mice under the AL regimen was approximately fourfold
greater than in the normal mice (Fig. 5). Thus, an alternative
interpretation of the results of the study by Harrison et al. would
be that CR was more effective in lengthening the life span of ob/ob
mice than of the normal mice because it attenuated their energy
imbalance and the consequent deleterious effects of fat accumula-
tion to a relatively much greater extent [66,82,89–98]. This
explanation accords with the data shown in Figs. 2–4.
Pitfalls of uniform percentage-based CR
Although the data from the NCTR/BAP project are compatible
with the interpretation that positive energy balance associated with
AL feeding shortens potential longevity in laboratory rodents, they
also unveil a major weakness in the design of the conventional CR
regimen, namely, that the imposition of a ﬁxed percentage-based
(usually 30–40%) reduction in the amount of energy intake for all
genotypes may be a ﬂawed approach because it ignores variations
Fig. 4. Increase in the maximum life span (10% survival) of various strains of mice (left) and rats (right), attributable to 40% CR, as a function of the adult weight gain (AUC).
The AUC was calculated as the average amount by which the AL animals were overweight between 3 months of age multiplied by the period in months during which they
were overweight. For example, the AL-fed B6D2F1 mice were on the average, 14.5 g overweight for 17.8 months, yielding an AUC of 258 g. Values were calculated from
Turturro et al. [16], as described in the legends of Figs. 2 and 3. The data suggest a direct relationship between the weight gain under the AL feeding regimen and the increase
in longevity resulting from 40% CR.
Fig. 3. Effect of diets with dissimilar energy content on body weight and CR-related increase in longevity in C57BL/6 mice. Mice were fed the NIH-31 diet (left) or a high fat/
protein (EM) diet [16]. The cumulative weight gain in the AL-fed groups is represented by area under the curve (AUC). The median age of survival for the AL and CR groups is
indicated respectively as vertical lines along the x axis in each graph, with CR-associated longevity extension represented by the shaded area. Note that the mice fed the EM
diet ad libitum gained relatively greater body weight and also showed a greater increase in longevity under the CR regimen.
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in metabolic rate, appetite, energy requirements, or energy balance.
As shown in Fig. 2, imposition of 40% CR in the DBA/2 mice resulted
in a prolonged period of weight loss [32,73,75], whereas in other
mouse and rat genotypes, it caused only a transient negative energy
balance, followed by a long period of neutral (F344 rats, C57BL/6
mice) or positive energy balance (B6D2F1, BN, F344  BN F1)
(Figs. 1 and 2). Consequently, effects of CR on longevity may be
obscured in some genotypes when a ﬁxed level of restriction is
imposed.
Indeed, complications associated with the percentage-based CR
regimen have been highlighted by the ﬁndings of Liao et al. [15],
who showed that the effects of 40% CR were very dissimilar in
different mouse genotypes. Some investigators [99] have been
dismissive of these results because: (i) the sample size per strain
and diet was quite small (fewer than 15), thereby weakening the
reliability/accuracy of the estimates of median and maximum life
spans. It would therefore be desirable to repeat the life span
studies on selected strains using larger sample sizes. (ii) It is quite
possible that a ﬁxed level of CR was too severe for certain strains,
which would result in undernutrition [89,99]. Such criticisms,
although valid, also highlight the need to deﬁne a satisfactory
standard for CR that obviates undernutrition and can also be
employed in studies involving comparisons among genotypes that
vary in size, body composition, metabolic rate, energy intake, or
energy balance. Although studies by Liao et al. as well as others
suggest the exciting prospect that quantitative genetic approaches
may facilitate discovery of loci responsible for the CR-related
longevity effect [100,101], ultimately leading to the identiﬁcation
of the underlying causal mechanisms, any such expectations may
have to be tempered until the optimal levels of food intake that
result in the genotype-speciﬁc maximal longevity are better
deﬁned [25]. Although there is currently no generally accepted
criterion for determining the optimal level of CR in rodents, it has
long been recognized in the ﬁeld of animal husbandry, especially
poultry science, that the ratio between the quantity of food eaten
and the amount of gain in body weight varies among members of
a cohort and that AL food intake exacerbates morbidity/mortality
[91,102–105]. Conversely, the loss in body weight following CR
also varies among individual mice because of variations in resting
metabolic rate and physical activity [106].
Complications arising from the variability in responses to
percentage-based CR in different genotypes [106] may be avoided
by the adoption of a feeding regimen that aims to maintain an
optimal body weight during adulthood. Indeed, other authors have
pointed out that although food intake of laboratory-conﬁned
nonrodent species is routinely restricted as a healthy veterinary
practice, the rodents have been exempted, perhaps because AL
feeding is less laborious [107,108]. The feeding regimen directed
toward the maintenance of a neutral energy balance or a stable
body weight, referred to here as “weight-stable caloric restriction”
(WSCR), is analogous to an individually tailored weight manage-
ment regime [41,109–114]. In practice, it would involve daily
administration of a ﬁxed amount of food, with weekly adjustments
for each individual to prevent weight gain above that reached
during early adulthood Fig. 6 demonstrates the feasibility of WSCR
in Sprague–Dawley rats maintained in one of the co-authors’
(M.J.F.) laboratory for 18 months. Food restriction procedures
based on weight control are widely practiced in neuroscience
and behavioral pharmacology laboratories, where food is used as a
reward for the performance of speciﬁc tasks, often in a chronic
setting (e.g., [115–117]). The WSCR regime would seem to be
particularly appropriate for studies on the effects of gene deletion
Fig. 5. Body weight and longevity extension by caloric restriction in female C57BL/6 ob/ob congenic and normal mice (replotted from [87]). The shaded, area under the curve
(AUC) represents the cumulative weight gain under AL feeding starting at 1 month of age. Median age of survival under AL and CR conditions is shown, respectively, as solid
and dotted vertical lines along the x axis. The gray area in between these two lines represents the increase in longevity resulting from CR. Note that increases in body weight
under AL feeding as well as the CR-related increase in longevity were much greater in the ob/ob than in the normal mice. This pattern is similar to that shown in Figs. 2–4.
Fig. 6. Mean body weights of Sprague–Dawley rats fed AL or maintained under a
modiﬁed CR regimen (weight-stable caloric restriction; WSCR). The amount of food
in the latter group was adjusted weekly to sustain a relatively stable body weight.
The target weight was 85% of the weight recorded at 2.5 months. Results
demonstrate the feasibility of a CR regimen that aims to maintain a neutral energy
balance. The body weight data for the AL-fed rats are from Novelli et al. [264].
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or overexpression, on longevity and health span, because it would
avoid the complications arising from variations in energy balance.
Finally, the WSCR regimen should identify the genotypes in which
40% or any other percentage-based CR is too much or too little in
terms of achieving the longest potential life span.
Mechanisms linking energy imbalance and longevity
Numerous hypotheses have been proposed to explain the biolo-
gical basis of how CR prolongs the life span of responsive genotypes.
The most frequently listed include retardation of growth, reduction
of body fat, attenuation/postponement of immunologic and hormo-
nal changes, enhanced damage/repair capacity, changes in gene
expression, enhanced autophagy and apoptosis, alterations in IGF/
insulin/TOR signaling, hormesis, activation of sirtuins, decrease in
body temperature/metabolic rate, and attenuation of reactive oxy-
gen species (ROS) generation/oxidative stress, among others
(reviewed in [2–5,26,28,30,118–122]). Nevertheless, the central
issue, namely, how CR counteracts the deleterious effects of AL
feeding, remains controversial. One current school of thought is that
the nutrient-sensing signaling pathways (mTOR/insulin) mediate
the CR effect on longevity by enhancing the activity of genes
encoding protective and repair functions, which slows the aging
process and lengthens the duration of survival [5,25,26,123]. This
hypothesis, if indeed correct, seems to implicitly presuppose that AL
feeding results in the generation of deleterious agents that are
counteracted by the CR-induced enhancement of protective/repair
mechanisms. Hormesis, a concept that the protective responses
evoked by low-intensity stress/damage, or intermittent moderate
stress, lead to a state of physiological invigoration [124,125], also
seems to implicate the causal participation of deleterious factors in
the aging process. Indeed, CR-related increase in life span would be
difﬁcult to explain without the putative involvement of molecular
damage, as the age-related losses in functional capacity are unlikely
to be self-initiating [126].
There are several lines of evidence suggesting that the in vivo
source of damage in relation to CR, and more broadly the aging
process, may be oxygen metabolism and the associated generation
of ROS. It is a well-recognized phenomenon that scarcity of food
ubiquitously leads to a hypometabolic state in the homeotherms,
whereby body temperature and metabolic rate are depressed
[127–129]. For instance, in C57BL/6 mice, 40% CR lowered the
daily mean daytime colonic body temperature by 0.9 to 1.2 1C
(Fig. 7A) [73]. Decreases in core body temperature in response to
CR have also been observed in several other laboratories [130–
134]. Lower core body temperature has been shown to be a
signiﬁcant predictor of survival in both humans and nonhuman
primates [135]. In C57BL/6 mice, a decrease of as little as 0.3–0.5 1C
in body temperature has been experimentally demonstrated to
increase the life span by 12–20% [136,137]. The reduction in core
temperature in these studies was induced by transgenic over-
expression of uncoupling protein 2 in hypocretin neurons, which
act as a central thermostat. It is a recognized physiological precept
Fig. 7. (A) Colonic temperature of 17- to 18-month-old C57BL/6 mice fed AL or kept under 40% CR starting at 4 months of age (n ¼ 12 or 13). Mice were housed under a 12-h
light:dark cycle (indicated by black/white bars) (based on Ferguson et al. [73]). (B) Rates of resting oxygen consumption of C57BL/6 mice, fed AL or at 40% CR, at 6 and 23
months of age. Mice were placed under increasing levels of CR at 14 weeks of age and 40% restriction was implemented at the age of 4 months (n ¼ 6–8 in each group). Rates
of oxygen consumption were normalized as per gram of lean body mass, which was calculated by subtracting 8 times the epididymal white adipose mass from the body
mass. CR decreased the rate of oxygen consumption at both ages, suggesting that this effect is chronic rather than transitory [75]. (C) Rates of H2O2 release by cardiac
mitochondria of C57BL/6 mice fed AL or at 40% CR from 4 months of age. H2O2 generation was measured in isolated mitochondria at 9, 17, and 23 months of age as H2O2
reduction by horseradish peroxidase [151]. (D) Comparison of protein carbonyl content in heart homogenates between AL-fed and the CR mice. Carbonyl content was
measured spectrophotometrically using dinitrophenylhydrazine at 9, 17, and 23 months of age [151].
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that 95% of the energy generated in the body emanates from
oxygen-linked decomposition of organic molecules and that the
basal heat production and body temperature reﬂect the intensity
of cellular metabolism [138–140]. A comparison of the resting rate
of oxygen consumption between AL-fed and CR C57BL/6 mice,
after 2 and 19 months of 40% CR, showed that at both of these ages
food restriction lowered the rate of oxygen consumption, normal-
ized as per mouse, per unit body weight, lean body mass (Fig. 7B)
and organ weight, implying that the effect of CR on metabolic rate
is long-lasting and not transitory [73,75]. Such demonstrations
support the view, originally advanced by Sacher [141], that CR-
induced decrease in metabolic rate/body temperature may be a
factor in the resultant increase in longevity.
There is strong evidence that life span in ectotherms, such as
insects, is inversely related to ambient temperature and rate of
oxygen consumption [142–145]. In the houseﬂy as well as Droso-
phila, increase in physical activity and the consequent rate of
oxygen consumption decreases life span [146,147]. In home-
otherms, the existence of a relationship between the rate of
metabolism and longevity is supported by interspecies compar-
isons. A study on seven closely related nonprimate mammals,
including mouse, hamster, rat, guinea pig, rabbit, pig, and cow,
whose maximal recorded life spans range from 3.5 to 30 years,
showed that species life spans were negatively related with the
speciﬁc metabolic rate, which in turn was directly related to the
rate of mitochondrial production of superoxide anion radicals and
H2O2 [148]. It may be added parenthetically that such interspecies
correlations are usually observed in species that are closely related
phylogenetically; the relationship tends not to hold if comparisons
are made across distant groups, e.g., between rodents and birds or
bats [144,149,150]. In addition to the rate of respiration, CR also
lowers the rates of mitochondrial generation of superoxide anion
radical and H2O2 in C57BL/6 mice [151] (Fig. 7C). The signiﬁcance
of such ﬁndings is that they point to an association between SMR,
mitochondrial oxidant production, and longevity. Indeed, the
hypothesis that age-related losses in functional capacity of various
biological systems are underpinned by the gradual accumulation
of macromolecular oxidative damage was proposed by Harman 58
years ago [152]. The hypothesis was later modiﬁed and subsumed
by a broader postulate, the “oxidative stress hypothesis,” whose
key feature was that there is a residual imbalance between
intracellular ROS ﬂuxes and antioxidant defenses, whereby cells
chronically exist under a certain level of oxidative stress, as
evidenced by the presence of steady-state amounts of oxidatively
modiﬁed macromolecules. The gap between oxidants and antiox-
idants, or the level of oxidative stress, is postulated to increase
during aging, mainly owing to the elevation in the rates of
mitochondrial superoxide anion radical and H2O2 generation
and, to a lesser extent, a decline in antioxidant defenses, resulting
in an accelerated accumulation of macromolecular damage
(reviewed in [126,149,153]. The reduction in the efﬁciency of
antioxidant defenses is surmised on the basis of age-related
increases in susceptibility to exogenously induced oxidant stress
[154–156]. Thus, the mechanism by which CR increases longevity
was hypothesized to involve attenuation of oxidative stress
because CR lowers the rates of mitochondrial production of
superoxide anion radical and H2O2 and retards the age-related
accrual of macromolecular oxidative damage (Fig. 7C and D [126]).
Nonetheless, the role of ROS and oxidative stress in the aging
process, and implicitly in CR-associated modulation of longevity, has
recently come under attack because some of its predictions cannot
apparently be substantiated in certain animal models [29,157–165].
The most frequently cited evidence is: (i) inactivation of superoxide
dismutases in Caenorhabditis elegans increases susceptibility to
oxidants but has either no or a benign effect on life span [166]; (ii)
administration of paraquat, a superoxide anion radical generator,
increases the longevity of wild-type C. elegans [166]; (iii) overexpres-
sion or moderate underexpression of various enzymatic antioxidant
defenses does not signiﬁcantly affect the life span of mice
[158,167,168]; (iv) Mn-SOD heterozygous mice accrue 30–80% higher
8-oxodeoxyguanosine (8-OHdG), a product of DNA oxidation, with-
out showing any effect on longevity [157]; (v) the naked mole rat
lives considerably longer than laboratory rats and mice, despite
displaying relatively high levels of oxidative stress/damage [165].
As described elsewhere, such phenomena need further investigation,
but may also have alternative explanations [149,150,169–173]. For
instance, the absence of a signiﬁcant impact of moderate under- or
overexpression of various antioxidant enzymes on longevity does not
necessarily disprove the role of oxidative stress in the aging process,
as the normally present levels of enzymatic defenses seem to far
exceed those needed to sustain a normal life span [167,174,175]. In
mutant D. melanogaster, compared to the wild-type, only 6% of the
Cu,Zn-SOD [174] and 15% of the catalase [176] activity were sufﬁcient
for the attainment of normal life span. In the same vein, over-
expression of antioxidant defenses, such as SODs and catalase,
systemically or in targeted tissues, also has no signiﬁcant effect on
the life span in D. melanogaster or mice, especially in the relatively
long-lived strains [149,174,177–181]. Longevity effects of overexpres-
sion, if any, have been found to be sensitive to genetic background
and are comparatively smaller if the controls are long-lived [182].
However, results of the studies on the effects of overexpression of
antioxidant enzymes should be interpreted cautiously as there may
be possible trade-offs between antioxidant defenses and oxidation-
induced apoptosis [183,184].
The assumption that any accumulation of molecular damage
should be expected to lead to a functional loss and/or decrease in
longevity is contradicted by the evidence that, owing to redundancy,
relatively high threshold levels of DNA and protein oxidative damage
are required for manifest losses in function [150]. For instance,
OGG1-null mice exhibited relatively high concentrations of 8-OHdG,
a DNA oxidation product, but showed no effect on survival [182,185],
suggesting that oxidative damage below a certain threshold may be
only latently causal in functional decline [150]. The naked mole rat
indeed presents an intriguing and potentially interesting model for
studying an atypical pattern of aging, as it displays a relatively high
steady-state level of oxidative stress/damage and an aberrant survi-
vorship curve [165]. As pointed out by Liochev [171,172], elevated
oxidant ﬂuxes should not necessarily be expected to result in
shortened longevity because they can also induce prosurvival adap-
tations. For instance, exposure of houseﬂies to 15 kr irradiation [186],
administration of diamide [187], or administration of diethyldiothio-
carbamate [188], a SOD inhibitor, were all found to increase the mean
life span; however, a critical corollary effect was that the level of
physical activity and metabolic rate of the ﬂies were signiﬁcantly
depressed.
Nevertheless, the most strident assertions against the role of
ROS and the validity of the oxidative stress hypothesis emanate
from studies involving C. elegans, a nematode that normally
inhabits the surface layer of the soil, where it is likely to encounter
stressful conditions, such as extreme variations in ambient tem-
perature, desiccation, paucity of food, and hypoxia/anoxia, among
others. This organism has certain unique natural history features
that may be responsible for the atypical extensions of longevity in
response to manipulations that are normally deleterious in mam-
mals. For instance, C. elegans is highly resistant to a variety of
stresses and can survive lengthy periods under adverse conditions
by entering a dormant dauer pathway, without future loss of adult
life expectancy. Interestingly, it can also be stored in liquid
nitrogen indeﬁnitely and revived when desired [189]. Hypo-
morphic mutations or RNAi-induced partial inactivation of a
variety of genes, encoding components of the mitochondrial
electron transport chain, cell signaling, and nutrient sensing,
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among others, have been found to lead to notable extensions
of life span in C. elegans [190–195]. Such mutants are often
hypometabolic, diminutive in size, and poor competitors and have
low fecundity [196–198]. Although their longevity is extended by
such factors, many physiological activities are performed at a low
ebb. Life history trajectories in which survival is procured at the
cost of other biological functions have been metaphorically com-
pared to “life in the slow lane” [199]. Thus, unlike homeotherms,
life span in C. elegans is highly variable, being profoundly depen-
dent on metabolic rate. Although some gerontologists believe that
life span is the “gold standard” for quantifying the rate of aging,
chronological duration without measures of physiological ﬁtness
may be a potentially misleading indicator of aging, especially in
ectotherms [144,150,182]. To conclude, although several important
questions remain to be answered about the role of oxidative stress
in the aging process, pronouncements of the demise of the
hypothesis are premature and unwarranted. As explained by
various authors [149,150,169,170,172,173,200–203], the rationales
presented for the categorical rejection of the free radical/oxidative
stress hypothesis [159–161] are often based on data from peculiar
model systems, ﬂawed methodology, fallacious assumptions, and/
or disregard of vast existing literature that may provide alternative
explanations for the incongruous ﬁndings.
Nonetheless, the argumentation presented above is not meant
to assert that the classic free radical/oxidative stress hypothesis is
underpinned by unshakable evidence. Rather, the point made is
that reasoning presented by some of the critics is itself inadequate.
Indeed, there are other more cogent reasons for a modiﬁcation of
the hypothesis [150,182,200]. Speciﬁcally, the classic free radical/
oxidative stress hypothesis consists of two main components: one
is that the endogenously generated oxidants are deleterious,
causing macromolecular damage, and the second is that progres-
sive accrual of such damage leads to senescence-associated losses
in functional capacity, ultimately resulting in death [126,153,204].
However, a large body of evidence suggests that although the
amounts of structurally modiﬁed macromolecules do tend to
increase with age, their steady-state concentrations in cells of
the aged animals are often too low in magnitude to convincingly
explain the age-related losses in functional capacity [150,205,206].
One possible explanation for the presence of relatively low levels of
damaged macromolecules in aged animals may be that accrual of
modiﬁed macromolecules is hindered by their preferential degrada-
tion, which may then be followed by nascent biosynthesis [207–
210,211]. On the other hand, molecular damage could indeed play a
role in the senescent decline of cells if the nascent biosynthesis for the
replacement of damaged molecules is insufﬁcient, resulting thereby
in reductions in the total amounts of undamaged macromolecules.
Another possible explanation of why the presence of relatively low
levels of speciﬁc adducts may not constitute evidence against the
conventional oxidative stress hypothesis is that the commonly used
indicators of damage may be transitory rather than the ﬁnal products.
For instance, 8-OHdG may get converted to point mutations or the
carbonylated adducts lead to protein cross-linking. Given that there is
currently insufﬁcient information to assess the signiﬁcance of macro-
molecular structural damage in the aging process, it does not follow
that the death knell of the oxidative stress hypothesis should be
invoked. An alternate vision might postulate that the oxidants may
cause deleterious alterations via additional mechanisms, as
discussed below.
The redox stress hypothesis of aging
The nature of the putative mechanisms by which ROS and
oxidative stress play a role in cell physiology has been signiﬁcantly
reshaped during the past 2–3 decades. The classic view that oxidants
produced under normal physiological conditions are invariably
potentially deleterious owing to their attacks on various macromo-
lecules [212–215] has been supplanted by the notion that some
oxidants, particularly H2O2, play a vital physiological role [216–220].
At relatively low concentrations, they regulate the functions of redox-
sensitive proteins via reversible oxidation/reduction of cysteinyl
thiols, whereas at high concentrations they may be potentially
deleterious owing to overoxidation of such proteins, resulting in
the impairment of cellular redox potential and cell signaling mechan-
isms [221–229]. Indeed, multiple redox-sensitive proteins have been
identiﬁed among the so-called aging pathways, delineated in model
systems (reviewed in [182]). Thus, in the current view, the deleter-
ious effects of oxidative stress emanating from endogenously gener-
ated oxidants may occur owing to a combination of factors:
disruption of the thiol-based cell signaling networks by nonradical
reactions and free radical-induced macromolecular damage
[150,173,182,216,218,222,230–232]. Accordingly, it has been pro-
posed that the classic oxidative stress hypothesis of aging, which
emphasized the primacy of radical-induced damage, should be
amended and retermed as the “redox stress hypothesis” to accom-
modate the more contemporary understanding of the mechanisms
by which ROS may be involved in the aging process [150,182]. The
classic version seems to lack the pliancy to accommodate the
physiological role of the oxidants.
Hydrogen peroxide is considered to be the most ubiquitous
electrophile involved in redox signaling [216,217,220,226,231]. A
unique aspect of H2O2 is that its production is linked to the
mitochondrial electron transport chain and oxygen consumption,
and it is thus incessantly produced under basal conditions. Its rate of
production can be modulated by factors that affect the metabolic rate
of the cell. Mitochondrial H2O2 generation occurs primarily from the
autoxidation of ubisemiquinones associated with respiratory com-
plexes I and III, from where it diffuses into other cellular domains by
virtue of its ability to permeate through cellular membranes [233–
236]. In addition, H2O2 involved in cell signaling is also generated by
the activity of NADPH oxidases, located in cellular membranes. The
mechanisms of H2O2 involvement in redox signaling have been
extensively reviewed [216,217,220,226,231] and are thus only skele-
tally described here. The main targets of H2O2 in cell signaling are the
speciﬁc protein cysteinyl thiolates, which have a relatively low pKa
and thus a comparatively higher reactivity with H2O2 than their
protonated counterparts. (For a recent comprehensive review of the
mechanisms of redox signaling and the role of H2O2 therein, see
Forman et al. [220]). Reaction between a cysteinyl protein thiolate
and H2O2 results in the formation of a cysteine sulfenic acid (Pr–
SOH), which, being an unstable molecule, may undergo further
modiﬁcations (Fig. 8). For instance, it may link with GSH to form a
protein mixed disulﬁde (Pr–SSG), a process referred to as glutathio-
nylation, or it may bond with a protein sulfhydryl group (Pr–SH) to
create an intra- or interprotein disulﬁde bridge (Pr–S–S–Pr). Such
oxidative modiﬁcations can be reversed by the thioredoxin or
peroxiredoxin systems [216,218,222,226,228,232,237]. The oxida-
tion/reduction of speciﬁc cysteinyl thiols is believed to act as an
“on/off” switch controlling protein function. Under conditions of
oxidative stress involving increased oxidant (H2O2) production,
cysteine sulfenate can also undergo hyperoxidation by further
reactions with oxidants, such as H2O2, to form a sulﬁnic acid (Pr–
SOOH) or a sulfonic acid (Pr–SOOOH), which are considered to be
irreversible [221,232,238–240]. A key aspect of cell signaling is the
speciﬁcity of the interaction between the signal molecule and the
target protein, which is particularly relevant to redox signaling via
H2O2, because of its ubiquitous distribution in the cell. The mechan-
isms that ensure such speciﬁcity and regulate redox signaling seem
to be highly complex and currently are not well understood. They
include the selective deprotonation of speciﬁc cysteinyl residues in
the target proteins, the location of the target cysteinyl thiolate, the
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kinetics of the reaction between the electrophile and the target
thiolate anion, and the termination and reversal of signaling, among
others, as recently discussed by Forman et al. [220].
The redox stress hypothesis of aging postulates that the rate of
mitochondrial H2O2 generation progressively increases in the
latter part of life, which initiates a cascade of events that result
in the disruption of the redox-based mechanisms for the regula-
tion of protein function [150,182,216]. The hypothesis is supported
by the following lines of correlative and experimental evidence:
(i) during aging, the glutathione redox state, indicated by GSH:
GSSG ratios, becomes progressively more pro-oxidizing, or less
negative, e.g., ranging from 4.5 mV in the brain to 15 mV in the
heart of mice (Fig. 9B and C) [241–244]. The two main underlying
reasons seem to be an increase in GSSG concentration and a
decrease in the GSH pool in some tissues. Our studies suggest that
the ability to biosynthesize GSH de novo declines during aging in
mice owing to a loss in the activity of glutamate–cysteine ligase,
the rate-limiting enzyme in GSH biosynthesis, probably caused by
an age-related increase in homocysteine concentration [245]. (ii)
The levels of protein mixed disulﬁdes and GSSG increase (Fig. 9A)
and protein sulfhydryl content decreases in aged animals [154].
(iii) Transgenic overexpression of glutamate–cysteine ligase and
glucose-6-phosphate dehydrogenase, which enhance GSH and
NADPH biosynthesis, respectively, increases the life span of Dro-
sophila without causing negative trade-off effects, suggesting that
augmentation of reductive capacity tends to prolong survival
[246,247]. (iv) Conversely, genetic manipulations that cause a
pro-oxidant shift in the redox state, such as the underexpression
of glutamate–cysteine ligase, which suppresses GSH biosynthesis,
or mitochondrial peroxiredoxins, which eliminate H2O2, decrease
life span in Drosophila [248–251].
There are also several indications that CR attenuates cellular
redox stress in those genotypes in which it extends longevity. For
instance, it lowers the rate of mitochondrial H2O2 production
[169,241,252–254], increases the GSH:GSSG ratios in mitochondria
and tissue homogenates, elevates the protein sulfhydryl content,
lowers the levels of GSSG and Pr–SSG, and enhances the redox
potential [241,255–257]. In a test of the hypothesis that CR-related
increase in longevity is linked to an attenuation of the age-associated
pro-oxidant shift in redox state, a comparisonwas made between the
C57BL/6 mice, whose life span is increased by CR, and the DBA/2
mice, in which CR has little effect. The amounts of GSSG and Pr–SSG
were found to increase and GSH:GSSG ratios to decrease with age in
the skeletal muscle and liver of both strains of mice [258]. Caloric
restriction, started at 4 months of age, mostly prevented these age-
related changes in the C57BL/6 mice, but had little effect in the DBA/2
mice [258]. Caloric restriction induced an increase in the activity of
glutamate–cysteine ligase in the liver of C57BL/6 but not DBA/2 mice.
It is known that the capacity for de novo GSH biosynthesis rather
than the steady-state concentration of GSH is more critical in defense
against an oxidant challenge [259,260]. Thus, the ﬁnding that CR
lowers the age-related increases in GSSG and Pr–SSG levels in the
mouse genotype whose life span is increased by CR, but not in the
one in which longevity remains unaffected by CR, suggests that one
factor in longevity extension by CR may be the enhancement of the
ability to synthesize GSH and the consequent attenuation of the age-
associated pro-oxidizing shift in the redox state [258].
In addition to its effect on redox state, CR also tends to decrease
the amounts of free radical-induced structural damage to macro-
molecules, such as DNA, proteins, and lipids [126]. For instance, CR
reduces alkane exhalation [261], delays the age-related loss in
membrane ﬂuidity [262], and lowers the steady-state amounts of
protein carbonyls and 8-hydroxydeoxyguanine [28,126,151,263].
In the skeletal muscle mitochondria of C57BL/6 mice, oxidative
damage to proteins, measured as protein carbonyl level and loss of
protein sulfhydryl content, increased with age in the AL-fed mice,
but there was little increase in the CR mice [256]. Crossover
studies, involving transfers of mice from AL to CR, or vice versa,
at 18–22 months of age, indicated that protein damage, which
accrued with age, could not be fully reversed during the time
frame of 6 weeks [257]. Such results support the involvement of
ROS/molecular damage in CR-related effects on longevity.
Perspective
What began as a rather simple observation that retardation of
growth by reduction in food intake increased the length of survival
Fig. 8. Redox stress: schema of the modiﬁcations of cysteinyl thiols of redox-sensitive proteins in response to elevation in H2O2 ﬂuxes. Under physiological conditions,
protein cysteinyl thiols, involved in cell signaling, exist as deprotonated thiolate anions (Pr–S), which have enhanced reactivity with H2O2. Oxidation of Pr–S by H2O2
results in the formation of cysteine sulfenic acid (Pr–SOH), which is a relatively unstable molecule. In turn, Pr–SOH may react with GSH to form a mixed protein disulﬁde
(Pr–SSG) or alternatively it may form a disulﬁde bridge with a Pr–SH to form Pr–S–S–Pr. Such oxidations of Pr–S are reversed by the glutaredoxin and thioredoxin systems,
respectively. At relatively high intracellular concentrations of H2O2, Pr–SOH may be further oxidized to cysteine sulﬁnic acid (Pr–SOOH) and cysteine sulfonic acid (Pr–SOOH),
both of which are considered to be irreversible products. Similarly, protein disulﬁdes Pr–S–S–R0 may undergo further irreversible oxidations to thiosulﬁnate or thiosulfonate,
as described by Brandes et al. [221].
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of laboratory rats, compared to their AL-fed counterparts, had a
profound long-term effect on the direction of research aimed at
understanding the nature of the mechanisms of senescence.
Gradually, it became an accepted dogma that CR universally
extends the life span of phylogenetically diverse species, possibly
including humans, by an evolutionarily conserved common
mechanism. So strong has been the appeal of the CR paradigm
that studies whose results were incongruous with the mainstream
view rarely gained traction. Nevertheless, it is now increasingly
evident that the longevity-extension effect of CR is not ubiquitous
and there exist even intraspecies variations in the nature of the
response. Although in the original concept, CR involved merely a
reduction in the amount of energy intake, regardless of the type of
macronutrient, it now seems that at least in ﬂies the total number
of calories consumed does not matter; instead it is the reduction in
the amount of yeast, presumably protein, intake that results in
increased longevity. Such evidence has challenged the classic
belief that CR universally extends life span via a common geneti-
cally conserved mechanism.
It is often asserted that CR prolongs the maximum life span,
which is regarded as a more critical indicator of the rate of aging than
the average life span. However, it has not yet been speciﬁcally shown
that CR increases longevity beyond the maximum species life span.
Perhaps, in counterpoint, it can also be argued that CR does not
increase longevity per se: rather the AL feeding shortens the life
span, because it causes a deleterious energy imbalance, which
prevents the animals from reaching their potential longevity. The
salutary effect of CR on life span mirrors the negative effect of AL
feeding. Accordingly, the longevity prolongation effect of CR should
be relatively greater if the life spans of the controls become shorter
owing to energy imbalance. This postulate is supported by the
ﬁndings of the NIA NCTR project, in which increases in the life span
of the CR-sensitive strains of rats and mice were directly proportional
to the level of their corpulence under the AL feeding regimen. The life
span extension by CR may thus be ipso facto universal in genotypes
that become overweight when fed AL. In this view, CR should have
no signiﬁcant effect on the length of healthy life span in genotypes
that maintain an optimal, relatively stable, adult body weight under
an AL regimen. Thus, it would seem that the maximum life span of
laboratory rodents recorded under an AL regimen should not be
considered to constitute the norm for the genotype. Instead, life
spans determined under conditions of optimal energy intake should
be regarded as the norm, against which the efﬁcacy of treatments
purporting to affect the aging process can be evaluated. Indeed,
this view also accords with the sentiment expressed by the CR
pioneer Clive McCay [9] that “retardation of growth by diets,
complete except for calories, affords a means of producing very old
animals for studying aging.”
The mechanisms that determine variations in species-speciﬁc
life spans are currently poorly understood; nevertheless, it can be
predicted that genotypes that are better protected from the
reactions that initiate and promote age-related physiological
decline would tend to survive relatively longer. Virtually all the
current hypotheses concerning how CR prolongs longevity invoke
an enhancement in putative protective systems, thereby implicitly
subscribing to the view that immortality in animals is counter-
manded by endogenous factors that cause damage or otherwise
irreversibly decrease ﬁtness. Thus, ultimately, the various putative
mechanisms of aging share the common premise that some type
of physiological “damage” is causal to the aging process and, by
inference, treatments resulting in longer survival decelerate the
rate of inﬂiction of such damage. It is postulated that the pathway
by which CR affects the longevity of responsive genotypes involves
lowering of the body temperature/metabolic rate and ROS produc-
tion and the enhancement of GSH biosynthesis. In this view, the
energy imbalance in particular genotypes resulting from AL
feeding accelerates the age-related loss in physiological ﬁtness
and CR lowers the magnitude of such imbalance. In a nutshell,
CR increases life span when it counteracts a signiﬁcant energy
imbalance.
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